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In o r d e r  t o  o b t a i n  e f f i c i e n t  p r a c t i c a l  d i r e c t  hydrocarbon f u e l  cel ls  f o r  

M i l i t a r y  s p e c i f i c a t i o n s 1  allow t h e s e  f u e l s  t o  c o n t a i n  as h igh  as 
m i l i t a r y  u s e ,  i t  is n e c e s s a r y  t o  o x i d i z e  t h e  components of l o g i s t i c a l l y  avail- 
a b l e  f u e l s .  
25% a r o m a t i c s  and 5% o l e f i n s .  
Tef lon  bonded p la t inum e l e c t r o d e  wi th  phosphoric  a c i d  e l e c t r o l y t e  a t  150°C 
could t o l e r a t e  a f u e l  conta in ing  up t o  5% o l e f i n s ,  1% a r o m a t i c s ,  5% s i x  r inged  
napthenes,  15% f i v e  r i n g e d  napthenes  and t h e  remainder  s a t u r a t e d  normal or 
i s o o c t a n e  w i t h  an  i n c r e a s e  l o s s  of o n l y  50 mv i n  p o l a r i z a t i o n  from tha t  of 
pure  oc tane .  P r e v i o u s l y  w e  had r e p o r t e d 3  t h e  a d s o r p t i o n  characterist ics of  
some of t h e s e  r e p r e s e n t a t i v e  compounds on b r i g h t  p la t inum w i r e  i n  85% H3P04 a t  
130°C. 
be d i f f u s i o n  c o n t r o l l e d .  
cyc lopentene  adsorbed t h e  n e x t  f a s t e s t  and b o t h  a t  t h e  same rate;  hexene-1 and 
hexene-2 a l s o  adsorbed a t  t h e  same r a t e ,  b u t  less r a p i d l y  t h a n  t h e  u n s a t u r a t e d  
c y c l i c  compounds; and cyclohexane and cyc lopentane  had t h e  lowes t  ra te  of d i f -  
f u s i o n .  
h i g h e s t  s teady  s t a t e  coverage f o r  a s p e c i f i c  c o n c e n t r a t i o n  w a s  o b t a i n e d  f o r  
t h e  most r a p i d l y  adsorb ing  s p e c i e s .  
p o t e n t i a l  f o l l o w s  t h e  same o r d e r  a s  d i d  t h e  ra te  of a d s o r p t i o n  ( i . e .  benzene 
adsorbed t h e  most ) .  

Recent ly  LukshaZ found t h a t  a Niedrach-Alford 

For a l l  of t h e  compounds s t u d i e d ,  t h e  ra te  of a d s o r p t i o n  appeared t o  
Benzene adsorbed t h e  most r a p i d l y ;  cyclohexene and 

For a l l  compounds, maximum a d s o r p t i o n  w a s  between 0.2 and 0.4V. The 

The m a x i m u m  amount of a d s o r p t i o n  a t  each 

In f u e l  c e l l  t e s t s , *  it h a s  been found tha t  cyc lohexyl  compounds a f f e c t  
o c t a n e  performance more a d v e r s e l y  t h a n  f i v e  c-ringed napthenes and t h e y  do n o t  
behave l i k e  normal s a t u r a t e d  hydrocarbons.  
hydrogenat ion t o  benzene was o c c u r r i n g  f o r  t h e  s i x  member r i n g e d  compounds; 
however, i n  t h e  i n i t i a l  a d s o r p t i o n  s t u d i e s  on a w i r e  e l e c t r o d e ,  cyclohexane 
appeared t o  behave a s  a normal s a t u r a t e d  hydrocarbon.  To o b t a i n  more evidence 
as t o  whether t h e r e  w a s  dehydrogenat ion under  o u r  c o n d i t i o n s ,  t h e  composi t ion 
of e l e c t r o c h e m i c a l l y  adsorbed s p e c i e s  formed from benzene and cyclohexane w a s  
i n v e s t i g  t e d  u s i n g  c a t h o d i c  and anodic  d e s o r p t i o n  techniques  developed by 
Brummer. 

Open c i r c u i t  v a l u e s  i n d i c a t e d  de- 

t 

Experimental  

The exper imenta l  set up was s imi la r  t o  t h a t  which we have d e s c r i b e d  pre-  
v i o ~ s l y . ~  
b r i g h t  plat inum wire  of thermocouple g r a d e  p la t inum of  geometr ic  area 0.5 cm2 
maintained a t  130°C i n  85% H3P04. The a c i d  had been p r e t r e a t e d  w i t h  hydrogen 
peroxide  and w a s  conta ined  i n  a s tandard  t h r e e  compartment e l e c t r o c h e m i c a l  c e l l  
made o f  q u a r t z .  
e l e c t r o d e  d e s c r i b e d  by Giner .6  The hydrocarbon was in t roduced  i n t o  t h e  working 
compartment by us ing  an argon carrier g a s  through a g l a s s  t u b e  c o n t a i n i n g  or- 
g a n i c  compound main ta ined  a t  a c o n t r o l l e d  tempera ture  t o  g i v e  t h e  d e s i r e d  par-  
t i a l  p r e s s u r e .  For low p a r t i a l  p r e s s u r e s ,  t h e  o r g a n i c  was c o n t a i n e d  i n  a t u b e  
cooled i n  a n  ice-methanol  b a t h .  For h i g h e r  p a r t i a l  p r e s s u r e s ,  t h e  t u b e  con- 
t a i n i n g  t h e  hydrocarbon was hea ted  i n  an  o i l  b a t h  t o  t h e  d e s i r e d  tempera ture .  
P h i l l i p s  r e s e a r c h  g r a d e  hydrocarbons of 99.6 mole % p u r i t y  were used i n  a l l  
cases. 

In b r i e f ,  t h e  e l e c t r o c h e m i c a l  s t u d i e s  were performed on a flamed 

The r e f e r e n c e  e l e c t r o d e  w a s  the dynamic hydrogen r e f e r e n c e  

9 

b 
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In o r d e r  t o  o b t a i n  a r e p r o d u c i b l e  p la t inum s u r f a c e  f o r  t h e  e l e c t r o c h e m i c a l  
measurements, p o t e n t i o s t a t i c  procedures  similar t o  t h o s e  of Brummer7 and Gilman8 
were employed. E s s e n t i a l l y ,  t h e  e l e c t r o d e  was h e l d  a t  1 .35 V f o r  1 min. ,  t h e  
l a s t  30 sec without  s t i r r i n g ,  a t  0.05V f o r  10 msec, and then maintained a t  a 
p o t e n t i a l  of i n t e r e s t  f o r  v a r y i n g  times b e f o r e  examining t h e  u r f a c e  s ta te  of 
t h e  e l e c t r o d e  w i t h  a n  a n o d i c  or c a t h o d i c  g a l v a n o s t a t i c  pulse.’ P o t e n t i a l  se- 
quences were o b t a i n e d  by s w i t c h i n g  of a s e r i e s  sequence o f  po ten t iometers  wi th  
H -wetted r e l a y s .  Time i n t e r v a l s  a t  t h e  p o t e n t i a l s  were c o n t r o l l e d  by Tektronix 
Type 162 waveform  generator^.^ 
the  i n p u t  o f  a Wenking p o t e n t i o s t a t .  

g 
The p o t e n t i a l s  were a p p l i e d  t o  t h e  ce l l  through 

A l l  a r e a s  a r e  based on real  e l e c t r o c h e m i c a l  a r e a s  wi th  21Oficoul e q u a l  t o  
1 cm2 of real area as o b t a i n e d  from’depogat ion o f  a monolayer of  hydrogen wi th  
a c a t h o d i c  g a l v a n o s t a t i c  charg ing  curve.  

R e s u l t s  and Discuss ion  

Anodic 5 a l v a n o s t a t i c  charg ing  ( 4) us ing  c u r r e n t  d e n s i t i e s  from 500 &amp 
t o  150 ma/cm 
The charge  occurr ing  from t h e  o x i d a t i o n  of t h e  e l e c t r o d e  and a d s o r p t i o n  of 
H3P04 under  argon is  s u b t r a c t e d  from t h e  charge  o b t a i n e d  wi th  o r g a n i c  r e a c t a n t .  
To o b t a i n  t h e  amount of i r r e v e r s i b l y  adsorbed m a t e r i a l  on t h e  e l e c t r o d e ,  ca- 
t h o d i c  g a l v a n o s t a t i c  p u l s e s  are used.  
i n  t h e  presence  o f  o r g a n i c  w i t h  t h a t  ob ta ined  i n  an argon atmosphere g i v e s  &,. 
The f r a c t i o n  o f  t h e  s u r f a c e  covered by o r g a n i c  material is 1-8,. 
a d s o r p t i o n  s t u d i e s  w i t h  benzene3 i n d i c a t e d  t h a t  a t  h i g h e r  c o n c e n t r a t i o n s  (200 
mm p a r t i a l  p r e s s u r e )  of  benzene,  15% of t h e  e l e c t r o d e  w a s  covered wi th  m a t e r i a l  
a f t e r  a d s o r p t i o n  at p o t e n t i a l  f o r  l m s e c ,  t h e  least amount of t i m e  o f  a d s o r p t i o n  
t h a t  could be r e p r o d u c i b l y  measured. In o r d e r  t o  have a c l e a n  s u r f a c e  at i n i t i a l  
a d s o r p t i o n ,  benzene a t  a p a r t i a l  p r e s s u r e  of 5 mm w a s  used i n  t h e s e  s t u d i e s .  
S i n c e  cyclohexane3 adsorbed  v e r y  s lowly  a t  t h e  lower concent r  t ‘ons and a t  higher  
p a r t i a l  p r e s s u r e s  behaved l i k e  normal s a t u r a t e d  hydrocarbons,’*’*’’ a h i g h e r  
c o n c e n t r a t i o n  was used.  T h i s  would a l s o  enable  dehydrogenat ion t o  benzene t o  
be d e t e c t e d  more e a s i l y .  

?laximum Amount of Adsorp t ion  

g i v e s  a r e l i a b l e  e s t i m a t e  of  o x i d i z a b l e  m a t e r i a l  on an e l e ~ t r o d e . ~  

The r a t i o  of hydrogen d e p o s i t i o n  obtained 

The i n i t i a l  

The a d s o r p t i o n  o f  benzene and cyclohexane a p p e a r s  t o  be i n i t i a l l y  d i f f u s i o n  
c o n t r o l l e d ,  t h e  rate of  a d s o r p t i o n  then  d e c r e a s e s  and t h e  s u r f a c e  c o n c e n t r a t i o n  
o f  adsorbed  s p e c i e s  r e a c h e s  a c o n s t a n t  maximum v a l u e . 3  
w i t h i n  30-60 seconds a t  a l l  p o t e n t i a l s  except  w i t h  t h e  low c o n c e n t r a t i o n  of 
cyclohexane where s t e a d y  s t a t e  coverage i s  n o t  o b t a i n e d  u n t i l  300 seconds.  Flg- 
u r e  1 shows t h e  maximum amount of a d s o r p t i o n  o b t a i n e d  from anodic  g a l v a n o s t a t i c  
p u l s e s  as a f u n c t i o n  of p o t e n t i a l  f o r  benzene a t  5 mm p r e s s u r e  and cyclohexane 
a t  200 mm p r e s s u r e .  The e l e c t r o d e  is  p r e t r e a t e d  as mentioned,  h e l d  a t  t h e  po- 
t e n t i a l  of i n t e r e  t f o r . 2  minutes  and t h e n  t r e a t e d  w i t h  an anodic  g a l v a n o s t a t i c  
p u l s e  of 50 ma/cm . Both compounds have a p p r e c i a b l e  a d s o r p t i o n  from 0.05 t o  
0.80 V, and benzene even h a s  a d s o r p t i o n  a t  0.9 V. Between 0 .2  and 0 . 4 ,  maximum 
a d s o r p t i o n  I s  observed .  There  i s  n o t ,  however, a s h a r p  maximum a t  0.2 V a s  has  
been observed w i t h  n - p a r a f f i n s , ’ , l l  b u t  more of a b e l l  shaped appearance for 
both  of t h e  compounds. 
f a c e  covered vs p o t e n t i a l  as o b t a i n e d  a f t e r  2 minute  a d s o r p t i o n  wi th  a c a t h o d i c  
g a l v a n o s t a t i c  p u l s e  o f  50 m a / c m 2 .  These measurements i n d i c a t e  maximum coverage 
f o r  bo th  compounds a t  0 . 2  and 0 .3  V. Both f i g u r e s  (1) and ( 2 )  i n d i c a t e  t h a t  
t h e  maximum amount o f  s u r f a c e  coverage  does  n o t  d i f f e r  too  much f o r  b o t h  com- 
pounds though i t  must be  k e p t  i n  mind t h a t  t h e r e  i s  a much lower c o n c e n t r a t l o n  

T h i s  v a l u e  is reached 

9 

F i g u r e  2 is a p l o t  of  t h e  maximum f r a c t i o n  of  t h e  s u r -  
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of benzene. F igure  2 a l s o  shows maximum amount of coverage f o r  200 mm p r e s s u r e  
of benzene. Maximum amount of adsorbed s p e c i e s  f o r  a s p e c i f i c  compound might 
be expec ted  t o  be independent of c o n c e n t r a t i o n  i f  long  enough times of adsorp- 
t i o n  a t  p o t e n t i a l  are main ta ined ,  and l i t t l e  o r  no o x i d a t i o n  i s  t a k i n g  p l ace .  
F igure  2 i n d i c a t e s  about  68% maximum coverage  wi th  benzene and 65% coverage  
w i t h  cyclohexane - numbers wi th in  exper imenta l  e r r o r  o f  each  o t h e r .  
of similar s i z e  and r e a c t i v i t y  would be expec ted  t o  occupy same space  of t h e  
e l e c t r o d e .  
t h e  c y c l i c  hydrocarbons than  t h e  n - p a r a f f i n ~ . ~ , ~ , ~ ~ , 1 2  

These r e s u l t s  compare with 50% e l e c t r o d e  coverage 
V s  normal hydrogen e l e c t r o d e  obta ined  by Bockr i s  e t  a l l ’  us ing  r a d i o t r a c e r  
t echn iques  f o r  benzene a d s o r p t i o n  i n  H PO 

Type of Adsorbed Spec ies  

Compounds 

The maximum charge  t o  o x i d i z e  t h e  adso rba te  i s  s l i g h t l y  h ighe r  f o r  

n t h e  r eg ion  0.3-0.5V 

a t  50°C. 3 4  

Gilman,14 Niedrach’’ and Brummer 4’11’12 have ob ta ined  ev idence  f o r  s e v e r a l  
t ypes  of i n t e r m e d i a t e s  adsorbed on t h e  e l e c t r o d e  s u r f a c e  wi th  normal s a t u r a t e d  
hydrocarbons or e t h y l e n e  as r e a c t a n t .  P a r t  of t h e  adso rba te  des igna ted  CH-+ 
can be c a t h o d i c a l l y  desorbed and i s  thought t o  c o n t a i n  on ly  C and H. Another 
CH m a t e r i a l  not removed by ca thod ic  t r ea tmen t  and seems t o  be a combination of 
a CH polymer (CH-3) and a more h igh ly  ox id ized  material thought t o  c o n t a i n  a t  
l e a s t  one C-0 bond (0- type) .  To de termine  whether benzene and cyclohexane g i v e  
t h e  same type  of adsorbed i n t e r m e d i a t e s  - s p e c i f i c a l l y  whether cyc lohexane  de- 
hydrogenates  t o  benzene - t h e  composition of t h e  s t eady  s ta te  adsorbed r e s i d u e s  
was i n v e s t i g a t e d .  Cathodic  and anodic  d e s o r p t i o n  t echn iques  similar t o  those  
used by Brummer4 have been employed. Af t e r  t h e  u s u a l  p re t r ea tmen t ,  t h e  e l e c -  
t r o d e  was he ld  a t  a p o t e n t i a l  f o r  60 s e c  a t  which p o i n t  s t e a d y  s t a t e  coverage 
was ob ta ined .  
s o r p t i o n  occurred  (benzene had a p p r e c i a b l e  a d s o r p t i o n  a t  p o t e n t i a l s  h ighe r  t han  
0.01 V ,  bu t  no t  a t  0.01 V). A t  0.01 V p a r t  of t h e  adso rba te ,  CH-Y, desorbs .  
The p o t e n t i a l  was he ld  a t  0.01 V f o r  v a r i o u s  p e r i o d s  of ime a f t e r  which t h e  
s u r f a c e  was examined wi th  a g a l v a n o s t a t i c  pu l se .  4 :tid6 
t o  ox id i ze  t h e  remaining adsorbed s p e c i e s  t o  C02, a n d W  
s u r f a c e  occupied by t h e  remaining o rgan ic  s p e c i e s  C-0 ag8gbH-$obtained from t h e  
c a t h o d i c  s t r i p p i n g  curve  w e r e  followed as a f u n c t i o n  of t ime. 
t h e  g a l v a n o s t a t i c  p u l s e ,  t h e  p o t e n t i a l  w a s  r a i s e d  t o  o x i d i z e  any R2 adsorbed 
a t  0.01 V.  
of o rgan ic  m a t e r i a l .  The s l o p e  of Q v s r p l o t  g i v e s  [ e ]  t h e  number of elec- 
t r o n s  r e l e a s e d  per  covered s i te  dur ing  o x i d a t i o n  of adso rba te .  
du r ing  t h e  d e s o r p t i o n  o f  a g iven  adsorb  d s p e c i e s  are t aken  as ev ldence  f o r  t h e  
presence  of d i f f e r e n t  adsorbed spec ies . ‘  F igu re  3 is an example of ~ v s ~ ’ p 1 o t  
f o r  benzene and cyclohexane f o r  which s t e a d y - s t a t e  w a s  ob ta ined  a f t e r  a d s o r p t i o n  
f o r  60 s e c .  a t  0.4 V. 
f i g u r e .  For both  com- 
pounds, a cons t an t  va lue  of Q a n d w a r e  ob ta ined  a f t e r  deso rb ing  a t  0.01 V f o r  
5 seconds which i n d i c a t e s  a l l  of t h e  CH-3- i s  desorbed. Both compounds g i v e  a 
s l o p e  cor responding  t o  5.5 e l e c t r o n s  pe r  covered s i te  on t h e  p a t h  t o  oxiidation. 

‘, A methylene group (CH2) i n  cyclohexane would r e q u i r e  6 e l e c t r o n s  t o  o x i d i z e  com- 
p l e t e l y  t o  C02, a methine group (CH) of benzene r e q u i r e s  5 e l e c t r o n s  t o  o x i d i z e  
comple te ly  t o  C02. This  r e s u l t  i n d i c a t e s  t h a t  t h e  c a t h o d i c a l l y  deso rbab le  ma- 
t e r i a l  might be an equ i l ib r ium mix tu re  of benzene and cyclohexane. There  is a 
c e r t a i n  amount of s c a t t e r  i n  t h e  p l o t t e d  p o i n t s ;  t h e r e f o r e ,  i t  i s  d i f f i c u l t  t o  
d i s t i n g u i s h  whether t h e r e  a r e  two s e p a r a t e  s lopes :  
and ano the r  equal  t o  6. 
d rogena t ion  r e a c t i o n :  

Then t h e  p o t e n t i a l  was lowered t o  0.01 V where l i t t l e  or no ad- 

t h e  charge  r equ i r ed  
t h e  f r a c t i o n  of t h e  

Before  apply ing  

I n  t h e  time necessa ry  t o  o x i d i z e  H2 o f f ,  t h e r e  is no r e a d s o r p t i o n  

Changes i n  [ e ]  

Desorp t ion  proceeds from t h e  r i g h t  t o  t h e  l e f t  of t h e  
The e a s i e s t  material t o  be desorbed occur s  a t  t h e  r i g h t .  

one e q u a l  to  5 e l e c t r o n s  
Thermodynamic equ i l ib r ium d a t a  f o r  t h e  g a s  phase  dehy- 
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0 '= a + 3 H2 

16 i n d i c a t e s  t h a t  t h e r e  would be an  equimolar  amount of  t h e  two compounds. 
There is s u b s t a n t i a l  ev idence  t h a t  t h e  CH-+material is  a composite of sev- 
e r a l  s p e c i e s .  .Using f 8 f u e l  c e l l  e l e c t r o d e  and propane as t h e  r e a c t a n t ,  Grubbl7 
and Barger and S a v i t z  found t h a t  upon c a t h o d i c  d e s o r p t i o n ,  methane and ethane 
were observed wi th  t h e  g a s  chromatograph. Brummer  h a s  n o t  examined t h e  f i n e  
s t r u c t u r e  of C H - d .  f o r  propane O K  hexane a d s o r p t i o n  on a wire  e l e c t r o d e .  Using 
o u r  experimental '  se t -up ,  inconclus ive  r e s u l t s  were obta ined  f o r  t h e  CH-dc from 
propane a d s o r p t i o n ,  as t h e  s p e c i e s  occupied only  6% of t h e  covered s u r f a c e  and 
C H - 4 -  had desorbed comple te ly  a t  0 .01 V i n  100 msec. 
a s m a l l  p a r t  of  t h e  s u r f a c e  covered wi th  a h i g h l y  reduced s p e c i e s  f o r  t h e  ben- 
zene adsorbed s p e c i e s .  T h i s  could  be a polymeric  material  a l though in desorp- 
t i o n  experiments  w i t h  propane a t  a f u e l  c e l l  e l e c t r o d e ,  no s p e c i e s  h i g h e r  than 
propaiie 'was observed i n  t h e  g a s  chromatograph.18 
5.5 e l e c t r o n  s p e c i e s  a p p e a r s  t o  be  r e l a t i v e l y  p o t e n t i a l  independent  from 0 .1  
t o  0 . 7  V .  A t  0.05 where t h e r e  is most l i k e l y  t o  be hydrogen a long  around w i t h  
hydrocarbon,  a lower number of  e l e c t r o n s  is  o b t a i n e d .  The o x i d a t i o n  of hydro- 
gen would account  f o r  1Ce3and t h e  average of  t h e  m i x t u r e  would be lower. These 
r e s u l t s  do not  t e l l  us whether  t h e  r e l a t i v e  amount 'of t h e  s p e c i e s  which com- 
p r i s e  CH-* i s  p o t e n t i a l  independent .  Barger found t h e  r a t i o  of methane t o  eth- 
ane  formed on c a t h o d i c  d e s o r p t i o n  w a s  very  p o t e n t i a l  dependent.18 
proof of whether t h e r e  is a n  e q u i l i b r i u m  o f  cyclohexane and benzene and t h e  r e l -  
a t i v e  amounts is  c u r r e n t l y  be ing  obta ined  w i t h  g a s  chromatographic  p r o c e d u r e s . l 8  
The v a l u e  of  5 .5  e l e c t r o n s  i s  o b t a i n e d  f o r  s p e c i e s  which have been adsorbed a t  
t h e  p o t e n t i a l  of  i n t e r e s t  f o r  120  s e c  t o  i n d i c a t e  s t e a d y  s t a t e  o f  a d s o r p t i o n  had 
been o b t a i n e d  a t  60 sec. 

F igure  3 a l s o  i n d i c a t e s  

F igure  4 i n d i c a t e s  t h a t  t h e  

D e f i n i t e  

The t o t a l  amount of  0 CH-+ is. def ined  as 
The charge  of C H - +  f o r  benzene and cyclohexane w i t h  po- 

:iz - Gres a f t e r  d e s o r p t i o n  
f o r  5 s e c  a t  0.01 V.  
t e n t i a l  v a r i e s  s i m i l a r l y  t o  t h a t  of t h e  t o t a l  charge  f o r  each compound wi th  a 
maximum amount be  ween 0.2 and 0.4 V ( f i g u r e  5 ) .  T h i s  i s  similar t o  t h e  re- 
s u l t s  f o r  propane' and n-hexanel l  exc p t  t h e r e  is  more CH-+ f o r  benzene and 
cyclohexane.  A t  0.2 V 650.u.coul/rcm5 charge  t o  o x i d i z e  CH-+ i s  observed f o r  
benzene, 6 0 0 ~ ~ c o u l / r c m 2  f o r  cyclohexane,  400&oul/rcm2 f o r  n-hexane, l l  and 
1 7 5 / ~ c o u l / r c r n ~  f o r  propane .4  In both  cyclohexane and benzene from 0 .1  V t o  
0.4 V ,  70% (25%) of t h e  covered s u r f a c e  i s  wi th  CH-'+ . A t  0.5 t o  0 . 7  V ,  about 
60% of t h e  covered s u r f a c e  i s  w i t h  CH-+.. A s  o x i d a t i o n  i n c r e a s e s ,  l e s s  o f  t h e  
s u r f a c e  should be covered  by t h e  more reduced s p e c i e s .  

In Order t o  d e t e r m i n e  t h e  composi t ion of t h e  remaining adsorbed s p e c i e s ,  
d e s o r p t i o n  a t  more a n o d i c  p o t e n t i a l s  w a s  pursued.  The e l e c t r o d e  i s  p r e t r e a t e d ,  
h e l d  a t  a g iven  p o t e n t i a l  f o r  60 s e c  a t  which p o i n t  s t e a d y  s t a t e  coverage has  
been o b t a i n e d ,  and main ta ined  a t  0.01 V f o r  10  seconds t o  desorb  a l l  of t h e  CH-Et- 
m a t e r i a l , . r e t u r n e d  t o  0.4 V t o  o x i d i z e  H2 formed a t  0.01 V ,  and then  r a i s e d  t o  
a p o t e n t i a l  of  1 . 0  V where i t  i s  he ld  f o r  v a r y i n g  amounts of  t i m e  b e f o r e  exam- 
i n i n g  t h e  s u r f a c e  w i t h  g a l v a n o s t a t i c  charg ing  curves .  
t o  0.40 V b e f o r e  making t h e  measurement t o  reduce  any oxide  formed. No read- 
s o r p t i o n  of o r g a n i c  m a t e r i a l  o c c u r s  d u r i n g  t h e  time a t  0.4 V .  The s l o p e  of  a 
& s &  p l o t  g i v e s  a v a l u e  o f  1 .95  e l e c t r o n s  p e r  s i t e  when it i s  oxid ized  t o  Co2 
( f i g u r e  6 ) .  T h i s  s p e c i e s  i s  p o t e n t i a l  independent  from 0 . 1 ' t o  0.8 V a s  s h o w  
in f i g u r e  4 .  There  is a c e r t a i n  scatter a t  0 . 3  where a v a l u e  of  1 . 4  e l e c t r o n s  
is o b t a i n e d .  It is unexpected t h a t  bo th  cyclohexane and benzene should g i v e  
t h e  same d e v i a t i o n .  S i n c e  we a r e  d e a l i n g  w i t h  a r e l a t i v e l y  small charge  oc- 

The p o t e n t i a l  i s  lowered 
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cupying o n l y  15% of t h e  t o t a l  e l e c t r o d e  coverage (up t o  30% of t h e  adsorbed 
s p e c i e s ) ,  t h e r e  is  more l i k e l y  t o  b e  some u n c e r t a i n t y  than  where t h e r e  i s  more 
of  t h e  O-tYpe and one must be  c a u t i o u s  i n  comparing wi th  o t h e r  0-type s p e c i e s .  
Brummer has  found 0-type s p e c i e s  f o r  propane f o r  which [ e ]  i s  1.34 and c o v e r s  
about  80% of t h e  e l e c t r o d e  a t  0.4 V and f o r  n-hexane f o r  which [e] is  1.411 and 
c o v e r s  40% of  t h e  e l e c t r o d e .  Our v a l u e  f o r  t h e  c y c l i c  compounds i s  h i g h e r ,  b u t  
r e p e a t i n g  Brummer's experiments  w i t h  propane we o b t a i n  [e] of  1.1 and covers  
70% of t h e  e l e c t r o d e .  With benzene and cyclohexane,  we have been unable  t o  de- 
s o r b  a l l  of t h e  material on t h e  e l e c t r o d e  a t  1.0 V, even a f t e r  s e t t i n g  f o r  120  
s e c .  About 5% of t h e  s u r f a c e  remains covered wi th  a s p e c i e s  r e q u i r i n g  a charge  
o f  50,f&coul/rcmZ t o  o x i d i z e  i t .  

These r e s u l t s  do n o t  g i v e  t h e  answer a s  t o  what t h e  sequence of  s t e p s  from 
benzene o r  cyclohexane t o  CO2 are. 
and benzene were found t o  be 114 as  r e a c t i v e  as hexane and 118 a s  r e a c t i v e  a s  
propane." Benzene i s  s l i g h t l y  less  reactive t h a n  cyclohexane. The d e c r e a s e  
i n  r e a c t i v i t y  might be  e x p l a i n e d  by t h e  f a c t  t h e r e  is much more CH-* for cy- 
c lohexane and benzene t h a n  propane and i t s  o x i d a t i o n  is  t h e  slow s t e p  f o r  t h e  
o v e r a l l  o x i d a t i o n .  Whether t h i s  C H - 4  i s  u n r e a c t e d  benzene or cyclohexane,  a 
mixture  of  i t  and some of  t h e  p o s s i b l e  c r a c k i n g  p r o d u c t s  (C1,  C 2 ,  C 3  e tc l i s  
being determined by adsorb ing  on a f u e l  c e l l  e l e c t r o d e ,  desorb ing  c a t h o d i c a l l y ,  
and a n a l y z i n g  t h e  d e s o r p t i o n  p r o d u c t s  wi th  a g a s  chromatograph. 

ACKNOWLEDGEMENT 

O n  a f u e l  c e l l  e l e c t r o d e ,  bo th  cyclohexane 

T h e , i n t e r e s t  and h e l p f u l  s u g g e s t i o n s  o f  Dr. H . J .  Barger ,  Jr. is g r a t e f u l l y  
acknowledged. 

References  

1. 

2 .  E .  Luksha and E .Y.  Weissman, P r e p r i n t  o f  p a p e r s  p r e s e n t e d ,  A.C.S., M i a m i ,  

M i l i t a r y  S p e c i f i c a t i o n ,  MIL-T-5624G, Nov. 5 ,  1963 

F l a . ,  A p r i l  1967, Vol 11, No. 1, p.247. 

3. M.L. S a v i t z ,  R.L. Carreras, and G.R. F r y s i n g e r ,  p r e s e n t e d  a t  Electrochem. 
SOC., P h i l a . ,  P a . ,  O c t .  1966, Extended A b s t r a c t s  of B a t t e r y  D i v i s i o n  No. 7. 

4. S . B .  B r m e r  and M.J .  Turner ,  Oxida t ion  and Adsorp t ion  of Hydrocarbons on 
Noble Metal E l e c t r o d e s ,  P a r t  3, J .  Phys. Chem., i n  p r e s s .  

5. M.L.  S a v i t z ,  R.L. J a n u s z e s k i ,  and G.R. F r y s i n g e r ,  "Hydrocarbon Fuel  Cell 
Technology" (Ed. by B.S .  Baker, Academic P r e s s ,  New York, N.Y. 1965) p.443. 

6. J. G i n e r ,  J .  Electrochem. SOC. 111, 376 (1964). 

7. S.B. Brummer, J.I. Ford,  and M . J .  Turner ,  J .  Phys. Chem. 69, 3424 (1965). 

8. S. Gilman, J. Phys. Chem. 67, 78 (1963). 

9 .  S.B. Brummer i n  Tyco Labora tory  Repor t ,  A p r i l ,  1965 on C o n t r a c t  DA-44-009- 
AMC-410(T). 

10. M.W. Breiter, H .  Kammermaier, and C.A. Knorr ,  2. Electrochem 2, 37, 119 
(1956) .  



1.48 

References  Cond: 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

is. 

19.  

S.B. Brummer and M.J .  Turner ,  Oxida t ion  and Adsorp t ion  of Hydrocarbons on 
Noble Metal E l e c t r o d e s  P a r t  4 ,  J. Phys. Chem., i n  p r e s s .  

S.B. Brunmer and M.J.  Turner ,  "Hydrocarbon Fuel  C e l l  Technology" (Ed. by 
B.S. Baker, Academic P r e s s ,  New York, N . Y . ,  1965) p.409. 

W. Hei land,  E. G i l e a d i ,  and J. O'M. Bockr i s ,  J. Phys. Chem., 70, 1207 (1966). 

S. Gilman, Trans.  Faraday SOC. ,6l, 2561 (1966) .  

L.W. Niedrach and M.  Tochner ,  J .  Electrochem. SOC. 110, 17 (1967). 

F.D. Ross in i  e t  a l .  "Se lec ted  Values of P r o p e r t i e s  o f  Hydrocarbons," C i r c u l a r  
C 461, N.B.S. 1947. 

W.T. Grubb i n  Genera l  E l e c t r i c  Report  No. 6 on C o n t r a c t s  DA-44-009-AMC-479(T) 
and DA-44-009-ENG4909. 

H . J .  Barger ,  J r .  and M.L. S a v i t z ,  Chemical I d e n t i f i c a t i o n  of Adsorbed Species  
i n  Fuel  C e l l  R e a c t i o n s ,  J .  Electrochem. SOC. ,  submi t ted .  

W.T. Grubb and C . J .  M i c h a l s k i ,  Proceeding f rom t h e  1 8 t h  Annual Power Sources  
(May 1964) p.17. 



'= r 
I 

Figure 1. Steady-state adsorption of benzene and 
cyclohexane as a function of potential 
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Figure 2. Maximum fraction of surface, of electrode 
covered for steady-state adsorption of 
benzene and cyclohexane as a function of 
potential. 
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Figure 3 .  Desorption a t  0.01 V of cathodically 
desorbable material adsorbed a t  0.40 V .  

Figure 4 .  Electrons per covered s i te  t o  oxidize residue 
t o  C02 .as  a function of potent ia l .  



Figure 5 .  Charge l o s t  on cathodic desorption (CH-+) for 
benzene and cyclohexane a s  a function of potent ia l .  
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Figure 6 .  Desorption at 1 .0  V a f t e r  prior 
cathodic desorption. 


